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In several organisms solute transport is mediated by the simultaneous operation of saturable and non-saturable (diffusion-like) uptake, but often
the nature of the diffusive component remains elusive. The present work investigates the nature of the diffusive glucose transport in Olea
europaea cell cultures. In this system, glucose uptake is mediated by a glucose-repressible, H+-dependent active saturable transport system that is
superimposed on a diffusional component. The latter represents the major mode of uptake when high external glucose concentrations are provided.
In glucose-sufficient cells, initial velocities of D- and L-[U-14C]glucose uptake were equal and obeyed linear concentration dependence up to
100 mM sugar. In sugar starved cells, where glucose transport is mediated by the saturable system, countertransport of the sugar pairs 3-O-methyl-
D-glucose/D-[U-14C]glucose and 3-O-methyl-D-glucose/3-O-methyl-D-[U-14C]glucose was demonstrated. This countertransport was completely
absent in glucose-sufficient cells, indicating that linear glucose uptake is not mediated by a typical sugar permease. The endocytic inhibitors
wortmannin-A and NH4Cl inhibited neither the linear component of D- and L-glucose uptake nor the absorption of the nonmetabolizable glucose
analog 3-O-methyl-D-[U-14C]glucose, thus excluding the involvement of endocytic mediated glucose uptake. Furthermore, the formation of
endocytic vesicles assessed with the marker FM1–43 proceeded at a very slow rate. Activation energies for glucose transport in glucose sufficient
cells and plasma membrane vesicles were 7 and 4 kcal mol−1, respectively, lower than the value estimated for diffusion of glucose through the
lipid bilayer of phosphatidylethanolamine liposomes (12 kcal mol−1). Mercury chloride inhibited both the linear component of sugar uptake in
sugar sufficient cells and plasma membrane vesicles, and the incorporation of the fluorescent glucose analog 2-NBDG, suggesting protein-
mediated transport. Diffusive uptake of glucose was inhibited by a drop in cytosolic pH and stimulated by the protein kinase inhibitor
staurosporine. The data demonstrate that the low-affinity, high-capacity, diffusional component of glucose uptake occurs through a channel-like
structure whose transport capacity may be regulated by intracellular protonation and phosphorylation/dephosphorylation.
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In plants, water-soluble carbohydrates are the main solutes for
long distance transport from photosynthesizing tissues to sink
tissues. In sink tissues, photoassimilates are transported to storage
cells by a symplastic route, through plasmodesmatal connections,
and/or apoplastically, depending on the type of organ and
developmental stage. Sucrose can be imported from the apoplast⁎ Corresponding author. Tel.: +351 253 604048; fax: +351 253678980.
E-mail address: geros@bio.uminho.pt (H. Gerós).
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doi:10.1016/j.bbamem.2007.07.010directly via disaccharide transporters (DSTs). Alternatively, it can
be hydrolyzed to glucose and fructose by cell wall-bound inver-
tases and taken up via monosaccharide transporters (MSTs) [1].
Many of these proteins are homologous to transporters from other
organisms including bacteria, fungi and animals. Their kinetic
properties, specificity and energy dependence have been charac-
terized mainly by heterologous expression in yeasts or Xenopus
oocytes. Plant cell cultures also proved to be a convenient expe-
rimental system which has already yielded useful information on
sugar transport mechanisms and their regulation [2–6]. The MST
family comprises sugar transporters mediating the uptake of a
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preferred substrate ranging between 10 and 100 μM [7]. In most
cases, import of metabolites such as sugars and amino acids into
plant cells is mediated by co-transporters utilizing the electro-
chemical gradient of protons generated by the plasma membrane-
bound H+-ATPase [8].
A vesicle-mediated endocytic mechanism mediating glucose
and sucrose uptake in heterotrophic plant cells was recently
proposed [9–11]. This non-selective uptake mechanism trans-
ports solutes from the apoplast into the vacuole, bypassing the
cytosol. According to the authors, carrier-mediated transport
and endocytosis are not exclusive, and may operate simulta-
neously to supply nutrients to different cell compartments.
Numerous transport studies carried out with many unicellular
and multicellular organisms, including plants, have yielded
complex multiphasic uptake kinetics for organic and mineral
nutrients [4–6,12–18]. Although the interpretation of these data is
often difficult, complex transport kinetics may result from the
coexistence of multiple transport systems allowing uptake of a
given nutrient over a broad range of substrate concentrations [19].
In general, a family of genes, rather than an individual gene, exists
in plant genome for each transport function. Thirteen clusters
were recognized in the MSTsuperfamily, with 66 and 22 putative
MSTs in the Arabidopsis and rice genomes, respectively [8]. In
many cases, complex transport kinetics of disaccharides, mono-
saccharides and amino acids are resolved into one or two saturable
components superimposing a linear component. The nature of this
diffusive component is still elusive, and mechanisms such as free
diffusion across the membrane lipids or passage through integral
membrane proteins, possibility proteinaceous channels, have
been proposed.
Threemain approaches have been used to establish whether the
uptake of nonelectrolytes occurs either as passive permeation
through the lipid bilayers or through channels. The first one is the
use of chemical reagents that bind to proteins and may inhibit
transport, thus suggesting the involvement of a protein component.
The second approach consists in the determination of the energy of
activation (Ea). When the measured Ea is low, the molecule is
predominantly transported through a channel, and when it is high,
it is predominantly transported through the lipid bilayer
[14,15,20,21]. The third approach is the heterologous expression
of transporter in yeast or Xenopus oocytes. In this way, it was
shown that homologues of aquaporins may mediate the transport
of urea, glycerol and other nonelectrolytes [20,22–24]. In
particular, the aquaporin AQP9 of rat liver, which defined a new
evolutionary branch of major intrinsic protein family (MIP), me-
diates the transport of some non-charged solutes such as carba-
mides, polyols, purines and pyrimidines, together with water, in a
mercury-sensitive manner and with activation energies of about
7 kcal mol−1 [20].
Evidence that plant aquaporins exhibit diverse transport
properties and can behave as multifunctional channels suggests
an increasing number of putative functions for these proteins
and could partly explain their isoform diversity. In particular, in
the SIPs (small basic intrinsic proteins) group discovered by
database mining and phylogenetic analysis [25], amino acids
substitutions at conserved and structurally important positionsimply a wider pore and consequently different substrate spe-
cificity compared with other MIPs [25,26].
A previous study [4] showed that glucose uptake into
suspension-cultured cells of Olea europaea follows biphasic kine-
tics, due to a high affinity glucose/H+ symporter system super-
imposed on a linear component that was more evident at higher
sugar concentrations. In a low-sugar medium (0.5% glucose, w/v),
both transport modes operate. However, in a high sugar medium
(3% glucose, w/v), the saturable component was absent, due to
catabolic repression of the high affinity system, and glucose was
exclusively absorbed by a non-saturable mechanism able to sustain
both cell growth andmetabolism. This paper investigates the nature
of the diffusive glucose uptake component.
2. Materials and methods
2.1. Cell suspensions and growth conditions
Cell suspensions of O. europaea L. var. Galega Vulgar were maintained in
250 mL flasks on a rotatory shaker at 100 rpm, in the dark, at 25 °C in a modified
Murashige and Skoog (MS) medium [27], supplemented with 3% or 0.5% (w/v)
glucose. Cells were subcultured weekly by transferring 10 mL aliquots into
70 mL of fresh medium. Growth and sugar consumption were monitored as
described by Conde et al. [5].
2.2. Study of initial uptake rates of L- and D-glucose
Harvested cells were centrifuged, washed twice with an ice-cold sugar-free
culture medium (pH 5.0), and re-suspended in the same medium at a final
concentration of 5 mg d.w. mL−1. To estimate the initial uptake rates of D- or L-
[U-14C]glucose, 1 mL of cell suspension was added to 10 mL flasks, under
shaking (100 rpm). After 2 min of incubation at 25 °C, the reaction was started
by the addition of 40 μL of an aqueous solution of radiolabeled sugar at the
desired specific activity and concentration. The specific activities were defined
according to the final concentration of glucose in the reaction mixture, as
follows: 500 dpm nmol−1 (0.02 to 0.5 mM), 100 dpm nmol−1 (5 to 10 mM) and
10 dpm nmol−1 (20 to 100 mM). Sampling times were 0, 60 and 180 s, with the
uptake being linear during these time periods. The reaction was stopped by
dilution with 5 mL ice-cold modified MS medium without sugar, and the
mixtures were immediately filtered through GF/C filters (Whatman, Clifton, NJ,
USA). Washing, radioactivity measurements and calculations were performed as
described by Conde et al. [5].
The data of the initial uptake rates of labeled glucose were analyzed by a
computer-assisted non-linear regression analysis (GraphPad Prism 4.0 software; San
Diego, CA). By this method, the transport kinetics most suitable to the experimental
initial uptake rates were determined, and estimates for the kinetic parameters were
then obtained. D-[U-14C]glucose (11.28 GBq mmol−1) and L-[U-14C]glucose
(2.04 GBq mmol−1) were purchased from the Radiochemical Centre (Amersham).
2.3. Countertransport experiments
The procedure andmathematics of countertransport were described in detail by
Fuhrmann and collaborators [28,29]. Suspension-cultured cells of O. europaea
were equilibrated at room temperature with 50 mM unlabeled 3-O-methyl-D-
glucose and 1 μCi 3-O-methyl-D-[U-14C]glucose, at pH 7.0 and in the presence of
0.05mMCCCP to avoidH+ dependent glucose uptake.After equilibrium (40min),
cells were centrifuged (5000×g; 3 min) at 4 °C and the supernatant discarded. To
measure sugar efflux, cells were re-suspended in an uptake mediumwithout sugar,
at pH 7.0 and in the presence of 0.05 mM CCCP in a final volume of 5 mL. At
appropriate times, 1-mL aliquots were taken from the reaction mixture into 5 mL
ice-cold modified MS medium without sugar and filtered through GF/C filters.
Washing, radioactivity measurements and calculations were performed as
described by Conde et al. [5] for typical uptake experiments. The countertransport
assays were started by rapid re-suspension of equilibrated cells with uptake
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glucose, or L-[U-14C]glucose at pH 7.0 and in the presence of 0.05 mMCCCP in a
final volume of 5 mL. At appropriate times, 1-mL aliquots were sampled from the
reaction mixture, the reaction was stopped and radioactivity was counted as in
efflux experiments. 3-O-methyl-D-[U-14C]glucose (3.7 MBq mmol−1) was
obtained from the Radiochemical Centre (Amersham).
2.4. Time course uptake of 3-O-methyl-D-[U-14C]glucose
To measure 3-O-methyl-D-glucose incorporation along time, 10 mL cell
suspension was transferred to a 50-mL Erlenmeyer flask under shakingFig. 1. Typical growth curve of O. europaea cell suspensions in a MS medium with 3%
concentration in the medium (A). Initial uptake rates of radiolabeled glucose, at pH 5
when total sugar concentration had fallen to around 2% (w/v) (B, C) and by cells col
sugar concentration had fallen to residual levels (D, E). Transport experiments were pe
(○), 10 mM NH4Cl (⋄), 1 mM HgCl2 (♦), 1 μM okadaic acid (▽), 5 μM staur
staurosporine+1 mMHgCl2 (◼), and 2 mM 2-NBDG (▾). Transport experiments per
of L-[U-14C]glucose by glucose sufficient cells (B), and Eadie–Hofstee plot of the init
SD from the mean, n=3.(100 rpm). After 2 min of incubation at 25 °C, the reaction was started by
the addition of an aqueous solution of radiolabeled 3-O-methyl-D-glucose
(specific activity: 10 dpm nmol− 1) at a final concentration of 25 mM. At
selected times, 1-mL aliquots were taken from the reaction mixture into
5 mL ice-cold modified MS medium without sugar and filtered immediately
through Whatman GF/C membranes. Washing and radioactivity measure-
ments were performed as described by Conde et al. [5]. The intracellular
concentrations of 3-O-methyl-D-glucose were estimated as the ratio
between the intracellular and the extracellular 3-O-methyl-D-glucose
concentration, using the intracellular volume of 8 μL intracellular water
mg− 1 d.w. [4].(w/v) glucose and corresponding modes of sugar uptake. Dry weight and sugar
.0, by cells collected at mid-exponential growth phase (glucose-sufficient cells)
lected at the end of exponential growth phase (glucose-starved cells) when total
rformed at 25 °C in the absence (●) and in the presence of 33 μMwortmannin-A
osporine (□), 5 μM staurosporine+20 mM propionic acid, pH, 6 (▵), 5 μM
formed at 4 °C in the absence of other treatments (▴). Inserts: Initial uptake rates
ial uptake rates of D-[U-14C]glucose by sugar starved cells (D). Error bars denote
Fig. 2. Time course uptake of 3-O-MG by glucose sufficient cells of O.
europaea to evaluate the possible involvement of endocytosis or protein
mediated transport on diffusive glucose uptake. To measure sugar uptake along
time, cells were incubated with 25 mM 3-O-methyl-D-[U-14C]glucose alone (●),
and in the presence of 33 μM wortmannin-A (○) or 1 mM HgCl2 (▾). Insert:
accumulation of 3-O-methyl-D-[U-14C]glucose by glucose starved cells of O.
europaea as reported by Oliveira et al. [4]. Values are mean±SD, n=3.
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uptake
Suspension-cultured cells were incubated for 2 h with 33 μM wortmannin-A
and 10 mM NH4Cl prior to uptake experiments. After incubation, cells were
washed in ice-cold modified MS medium without sugar and uptake experiments
with D-[U-14C]glucose, L-[U-14C]glucose and 3-O-methyl-D-[U-14C]glucose were
performed as described previously. To determine the effect of mercury on sugar
transport, suspension-cultured cells, isolated plasma membrane vesicles and
liposomes were incubated with 1 mMHgCl2 for 5 min before uptake experiments.
To determine the effect of staurosporine and okadaic acid, suspension-cultured
cells were incubated with 5 μM and 1 μM of these compounds, respectively, 2 h
before uptake experiments. To determine the effect of internal acidification on
sugar uptake, the cells were pre-incubated for 20 min in uptake medium
supplemented with 20 mM propionic acid and adjusted to pH 6 [30]. Inhibition of
D-[U-14C]glucose transport by 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl amino]-2-
deoxy-D-glucose (2-NBDG) was assayed by adding simultaneously the labeled
and fluorescent substrate.
2.6. Determination of activation energies
Activation energies were estimated from the analysis of the temperature
dependence of glucose transport by intact cells, plasma membrane vesicles, and
phosphatidylethanolamine liposomes using the Arrhenius equation, as described
in the text.
2.7. Plasma membrane isolation
Plasma membrane vesicles were isolated from O. europaea suspension-
cultured cells by differential centrifugation and sucrose gradient [31,32], a
method previously modified for the purification of plasma membrane vesicles
from grape cells by Conde et al. [5]. Protein concentration was determined by
the method of Lowry [33], with BSA as the standard. ATPase activity,
determined by measuring colorimetrically the release of Pi [34] was used to
measure the purity of plasma membrane preparations. At pH 6.5, 80–90% of the
ATPase activity was inhibited by 0.1 mM vanadate.
2.8. Preparation of phosphatidylethanolamine liposomes
Commercial Escherichia coli phospholipids were purified according to
Viitanen et al. [35], and stored at −20 °C in a chloroform solution. To prepare the
liposomes, the chloroform was removed under vacuum and the lipids were re-
suspended by sonication in 50 mM potassium phosphate, pH 6.2, to a final
concentration of about 30 mg mL−1.
2.9. Determination of 2-NBDG accumulation
To determine the entry of the fluorescent glucose analog 2-NBDG, cells were
washed twice in a modified MS medium without sugar. A concentrated stock
solution of 2-NBDG (100 mM, Molecular Probes, Eugene, OR, USA) was
prepared in water. Three mL of a 6-day-old O. europaea cell suspension were
incubated with 10 mM of the fluorescent glucose analog. At selected times, after
the beginning of incubation, a 1-mL aliquot was sampled and washed five times
in ice-cold 2-NBDG-free modified MS medium by centrifugation, re-suspended
in 1mL of the samemedium and observed under a Leica DM5000B fluorescence
microscope.
2.10. Determination of endocytic vesicle formation
To assess the presence of endocytic vesicle formation in suspension-cultured
cells of O. europaea, the styryl FM dye N-(3-triethylammoniumpropyl)-4-(4-
(dibutylamino)styryl)pyridinium dibromide (FM1–43) was used as described
earlier [36]. A concentrated stock solution of FM1–43 (1 mM, Molecular
Probes, Eugene, OR, USA) was prepared in water. Three mL of a 6-day-old O.
europaea cell suspension were incubated on ice with 5 μM FM1–43 for 15 min.
The cells were then washed three times in ice-cold marker-free modified MSmedium by centrifugation, re-suspended in 3 mL of the same medium, and
placed on an orbital shaker at 100 rpm, 25 °C. Immediately after incubation, and
after 10 min and 14 h, a 1-mL aliquot was observed under a Leica DM5000B
fluorescence microscope.3. Results
In a medium containing 3% (w/v) glucose, O. europaea cell
suspensions grow exponentially up to day 15, and the sugar
disappears from the medium 20–25 days after sub-culturing
(Fig. 1A), as previously reported [4]. The experiments described
here were performed both with “glucose-sufficient” cells,
harvested at day 6 when the glucose concentration of the
medium is about 2% (w/v), and with “glucose-starved” cells,
harvested at the end of exponential growth phase, when glucose
has dropped to residual levels. Initial uptake rates of D- and L-
[U-14C]glucose at pH 5.0, over a concentration range of 0.02 to
100 mM are shown in Fig. 1B and C. Both sugars were absorbed
at the same rate, following a linear concentration dependence.
Thus, substrate saturation was not evident up to 100 mM, and the
uptake of L-glucose, an analog that is not transported by sugar
carriers, was equal to that of D-glucose. This indicates that a
typical sugar permease is not involved in sugar absorption by
glucose-sufficient cells. Fig. 2 shows a time-course of uptake of
the non-metabolizable analog 3-O-methyl-D-[U-14C]glucose by
glucose-sufficient cells. The amount of sugar incorporated per
unit of intracellular space volume indicates that the analog did not
accumulate in cells beyond the diffusional equilibrium, showing
that the substrate moves down to its electrochemical gradient. In
contrast, the transport of D-[U-14C]glucose in glucose-starved
cells obeyed a Michaelis–Menten kinetics (Fig. 1D) produced by
a concentrative (Fig. 2, insert) H+ dependent glucose transport
system, as observed in cells cultivated with an initial glucose
concentration of 0.5% (w/v) up to the mid-exponential growth
phase [4].
2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-
glucose (2-NBDG) is a fluorescent glucose analog, which was
recently used to study the vesicle-mediated endocytic
Fig. 3. Fluorescent micrograph of suspension-cultured cells after incubation with 5 mM 2-NBDG for 10 min and 14 h, at 25 °C. Fluorescence was measured after
careful washing 6 times with medium without fluorescent sugar to remove unabsorbed substrate. Bar=100 μm.
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cultured cells [10]. However, we show that this compound
behaved as a competitive inhibitor of D-[U-14C]glucose
transport in glucose-starved cells (Fig. 1D). This suggests
that it can be incorporated into the cells via the monosaccha-
ride/H+ transport system, although with a lower affinity than
D-glucose. Glucose-sufficient cells were also able to effectivelyFig. 4. Glucose countertransport and efflux in glucose sufficient cells (A) and glucose
the presence of 0.05 mMCCCP, with 50 mM 3-O-methyl-D-[U-14C]glucose, and efflu
resuspended in 0.64 μM of D-[U-14C]glucose (◼), 3-O-methyl-D-[U-14C]glucose (▾)
is the ratio of 14C-labeled glucose concentration inside to outside and Si expresses theabsorb the fluorescent glucose analog within 10 min of
incubation (Fig. 3), and 14 h later the monosaccharide was
present in large amounts inside the cell. However, although the
cells had been carefully washed after each incubation, the
fluorescent dye also labeled the cell walls extensively, meaning
that overall glucose uptake can be overestimated if adequate
controls are not used.starved cells (B) of O. europaea. Cells suspensions were incubated, at pH 7.0 in
x measured after 60 min equilibration (○). Cells equilibrated with 3-O-MG were
or L-[U-14C]glucose (●) and uptake of labeled sugars followed along time. Ri/R0
inside 3-O-MG concentration. Values are mean of two independent experiments.
Fig. 5. Micrograph showing the internalization of the fluorescent endocytosis marker FM1–43 into suspension-cultured cells, after 10 min and 14 h, at 25 °C. After
incubation with FM1–43 for 15 min on ice, the cells were washed 3 times with ice cold, marker-free medium supplemented with 25 mM glucose, transferred to an
orbital shaker at 25 °C, and imaged at the indicated times. Bar=100 μm.
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carrier-mediated transport and transport occurring through a
channel, as countertransport is not possiblewith channels. Fig. 4A
depicts results of countertransport experiments with the sugar
pairs 3-O-methyl-D-glucose/D-[U-14C]glucose, 3-O-methyl-D-
glucose/3-O-methyl-D-[U-14C]glucose, and 3-O-methyl-D-glu-
cose/L-[U-14C]glucose in sugar-starved cells, demonstrating theFig. 6. Temperature dependence of initial uptake rates of D-[U-14C]glucose in intact c
were: 5 (●), 10 (○), 15 (⋄), 18 (□), 20 (▵), 25 (▴), 30 (◼) and 35 (♦). Inserts: Arrhe
Values are mean±SD, n=3.activity of a saturable monosaccharide transporter. All the expe-
riments were performed at pH 7.0 and in the presence of 50 μM
carbonyl cyanide m-chlorophenylhydrazone (CCCP) to avoid
proton-dependent glucose uptake. Countertransport could be
demonstrated between 3-O-methyl-D-glucose and D-[14C]glu-
cose, and between unlabeled 3-O-methyl-D-glucose and 3-O-
methyl-D-[U-14C]glucose, whereas it was completely absent forells of O. europaea, membrane vesicles and liposomes. Temperatures tested (°C)
nius plots from glucose uptake experiments used to calculate activation energies.
Fig. 7. Effect of HgCl2 on 10 mM D-[U-
14C]glucose uptake by O. europaea cell
suspensions (A), plasma membrane vesicles (B) and liposomes (C). Values are
mean±SD, n=3.
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glucose-sufficient cells did not exhibit glucose countertransport,
and the efflux of 3-O-methyl-D-glucose was unable to promote
D-glucose and 3-O-methyl-D-glucose uptake beyond the
diffusional equilibrium (measured by the uptake of L-glucose).
To investigate the possible involvement of endocytosis in
glucose uptake by glucose-sufficient cells, the initial uptake
rates of 0.02 to 100 mM D-[14C]glucose were measured, after
pretreatment with wortmannin or NH4Cl, two well-known
inhibitors of the endocytic pathway. As shown in Fig. 1B, both
compounds failed to inhibit glucose transport. Likewise, the
uptake of the non-metabolizable glucose analog 3-O-methyl-D-
[U-14C]glucose was not inhibited by wortmannin (Fig. 2). In
addition, fluorescent microscopy studies showed that, 10 min
after incubation, the amount of 2-NBDG incorporated intracel-
lularly in the presence of wortmannin did not decrease over the
control (Fig. 3). These results suggest that endocytosis does not
contribute significantly to glucose uptake in glucose-sufficient
cells at least within short incubation periods.
To further investigate the possible involvement of endocy-
tosis on sugar uptake in glucose-sufficient cells of O. europaea,
the formation of endocytic vesicles was monitored with the
fluorescent cell membrane marker N-(3-triethylammoniumpro-
pyl)-4-(4-(dibutylamino)styryl)pyridinium dibromide (FM1–
43) [36,37]. Fig. 5 depicts the progression of the membrane
marker into the cytoplasm after plasma membranes had been
labeled with 5 μMFM1–43, and cells re-suspended in a marker-
free medium containing 25 mM glucose. The formation of
endocytic vesicles, which might carry the sugar inside the cells,
was clearly demonstrated; however this mechanism appears to
proceed at a very slow rate and only becomes apparent after
several hours of incubation with the fluorescent marker.
Wortmannin appeared to affect normal vesicle formation but
the phenomenon of membrane trafficking was still visible in the
presence of the inhibitor.
Measurements of the initial rates of glucose uptake at
different temperatures allow the calculation of activation
energies that give information about the resistance encountered
as the transported molecule crosses the plasma membrane. The
temperature dependence of D-[U-14C]glucose uptake both in
intact, glucose sufficient cells and in plasma membrane vesicles
purified from glucose-sufficient cells is shown in Fig. 6A and B,
respectively. Initial velocities of glucose uptake at different
temperatures were also measured in artificial membrane
vesicles prepared with phospholipids purified from E. coli
(Fig. 6C). The log of the first order rate constants (kd) were
reported against the reciprocal of the absolute temperatures, and
the activation energies (Ea, kcal mol
−1) were calculated from
the slope of the curves. The activation energies calculated from
D-[U-14C]glucose uptake in intact cells (7 kcal mol−1) and in
plasma membrane vesicles (4 kcal mol−1) were significantly
lower than that found with phosphatidylethanolamine lipo-
somes (12 kcal mol−1). This suggests that glucose has to over-
come a much smaller energy barrier when transported across the
plasma membrane of glucose-sufficient cells than when it
simply diffuses across the hydrophobic environment of a lipid
bilayer. Measurements of initial uptake rates of 0.02 to 0.5 mMD-[U-14C]glucose at different temperatures by sugar-starved
cells enabled the calculation of the activation energies from
the Vmax values of the monosaccharide H
+ symport system
(Fig. 6D). A value of 22 kcal mol−1 was obtained, similar to
those reported in the literature for carrier-mediated transport [38].
To assess the involvement of protein-mediated transport in the
diffusive sugar uptake, the effect ofmercury chloride (HgCl2)was
studied on the initial velocities of D-[U-14C]glucose uptake
(Figs. 1B, C, 7A) and on the time course of 3-O-methyl-D-
[U-14C]glucose uptake in glucose-sufficient cells (Fig. 2). Under
all experimental conditions, HgCl2 severely inhibited sugar
uptake as well as glucose uptake via monosaccharide-H+ symport
system of sugar-starved cells (Fig. 1D). To discard the possibility
that this result may be due to an indirect metabolic effect of
mercury in intact cells, the effect of this compound was tested on
glucose uptake by purified plasma membrane vesicles isolated
from glucose-sufficient cells. One mM HgCl2 decreased by 40%
the uptake rate of 10 mM D-[U-14C]glucose (Fig. 7B).
Conversely, HgCl2 did not inhibit glucose uptake by artificial
lipid vesicles (Fig. 7C), indicating that the inhibition of glucose
uptake observed with intact cells and plasma membrane vesicles
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and/or permeability.
The above results indicated that diffusive glucose uptake is
most likely mediated by an integral membrane protein, possibly
a proteinaceous channel. Some aquaporins are blocked by the
cytoplasmic acidification induced by propionic acid treatment
[30]. Pre-incubating glucose-sufficient cells with propionic acid
markedly decreased diffusive glucose uptake, suggesting that
protein activity can be regulated by intracellular protonation
(Fig. 1C). Conversely, the rate of glucose uptake was strongly
stimulated by the presence the protein kinase inhibitor stau-
rosporine, while the protein phosphatase inhibitor okadaic acid
did not show any inhibitory effect. In agreement, fluorescent
microscopy studies showed that glucose-sufficient cells pre-
incubated with staurosporine incorporate 2-NBDG in higher
amounts than control cells (Fig. 3). In contrast with what was
observed in glucose-sufficient cells, staurosporine induced a
decrease of the Vmax of the monosaccharide/H
+ symport system
in sugar-starved cells (Fig. 1E).
4. Discussion
Although it is described that mannitol is one of the primary
photosynthetic products, and, together with stachyose, an
important phloem-translocated carbohydrate in O. europaea
[39], the concentration of sugars and polyols in the apoplast of
sink tissues has not yet been described. However, it is known that
sugars (glucose, sucrose and fructose) and polyols (mannitol,
inositol) are the main soluble components in olive source and
sink tissues [40]. Glucose is one of the main sugars found in the
olive fruit pulp, together with appreciable quantities of mannitol;
sucrose and inositol are present only in low concentrations [41].
The discovery of key steps in glucose partitioning in plant
heterotrophic tissues might contribute to the understanding of
the overall mechanism of sugar unloading, besides its positive
impact on basic research of sugar transport in general.
Plant cells must adapt to the changing availability of external
nutrients by regulating their transport activities [19]. Cells
suspensions are a convenient system to study this type of
regulation, as the sugar availability of the medium changes with
the age of the culture. During the exponential growth phase, olive
cells absorb glucose by a diffusion-like mechanism, with a linear
dependence on glucose concentration up to 100 mM (Fig. 1B, C).
An adequate approach to determine the accumulative capacity of
a transport system consists in using a substrate analog that cannot
bemetabolized intracellularly in a time course uptake experiment.
In this study, 3-O-methyl-D-[U-14C]glucose was used, a glucose
analog which cannot be phosphorylated by HXK or its
phosphorylation efficiency is several orders of magnitude less
than for glucose andmannose, as can be found inmaize [42]. This
prevents glucose oxidation and the subsequent [14C]CO2 release
from the cells, and/or the fixation of the radioactive carbon into
other biomolecules, both catabolic and anabolic processes
severely impairing the accurate measurement of the accumulative
capacity of the transport system. In this study, results clearly show
that glucose sufficient cells of O. europaea are unable to
accumulate 3-O-methyl-D-[U-14C]glucose beyond the diffusionalequilibrium (Fig. 2), demonstrating that the transport mechanism
is not active. Further evidence for the involvement of passive
transport comes from previous studies when the addition of
glucose to a suspension of sugar sufficient cells did not promote
proton intake, indicating that a H+ dependent transport system is
not involved, contrary to what is observed when glucose is added
to sugar starved cells [4]. However, it cannot be excluded that
glucose sufficient cells of O. europaea may concentrate the
monosaccharide after it has been phosphorylated and actively
incorporated into the vacuole. Alternatively, glucose derivatives
may combine with fructose to form sucrose, followed by the
vacuolar compartmentation of the disaccharide and its subsequent
hydrolysis by vacuolar invertases. In sugar-storing cells such as
sugar beet, the tonoplast sucrose/H+ antiportermay be the primary
driving force for sugar accumulation into the cell, since uptake
across the plasma membrane may be largely passive [43–45].
Similarly, glucose uptake into the vacuole may represent the
major concentrating step for the partitioning of the monosaccha-
ride into sugar-fed heterotrophic cells of O. europaea.
The comparison of the growth parameters of the cells with the
uptake rates of D-glucose, indicate that the diffusive glucose uptake
mechanism is sufficient to sustain cell growth and metabolism.
From the linear part of the growth curve in Fig. 1A, a value for the
specific transfer rate of glucose (q), calculated as the ratio of
maximum specific growth rate (μmax) to yield coefficient (Y), of
2.2 nmol glucose min−1 mg−1 d.w. can be estimated. This value is
compatible with glucose transport rates shown in Fig. 1B, as the
initial velocity of uptake of 100 mM D-[U-14C]glucose at day 6
(glucose concentration in the medium 110 mM) is about 10 nmol
glc min−1 mg−1 d.w. However, when the external sugar concen-
tration drops to residual levels, the linear transport component no
longer sustains glucose transport at a sufficient rate to meet the cell
energy requirements. At this stage, the involvement of an energy
dependent transport system becomes critical. As can be seen in
Fig. 1D, sugar starved cells are able to accumulate 3-O-methyl-D-
[U-14C]glucose 40 times over its extracellular concentration, as
opposed to that observed in sugar sufficient cells. Additional data
showed that a monosaccharide:H+ symport system (1 glucose:
1 H+) mediates the concentrative glucose uptake [4]. Although a
single transporter may mediate dual-affinity uptake, such as the
nitrate transporter CLH1, with aKm of 50 μM for the high affinity
phase of uptake and 4 mM for the low affinity phase [46],
depending on the phosphorylation of threonine 101 [47], the two
transport modes found inO. europaea are likely to be mediated by
different gene products. The saturable component induced by
sugar starvation is dependent on de novo transcription and protein
synthesis and mediated, at least in part, by the monosaccharide
transporter OeMST2 [48]. Likewise, in grapevine cells, a high
affinity transport system is operational only when growth occurs
with low sugar supply, and the gene VvHT1 (Vitis vinifera hexose
transporter 1) was shown to be transcriptionally repressed by high
glucose concentration via a hexokinase-signaling pathway [5].
As referred to in Introduction, non-saturable transport of
glucose and other organic solutes has been reported in vitro for a
variety of cell types, including plant cells. It is likely that sugar
diffusive uptake also occurs in vivo in plant organs such as fruits
due to the high sugar content in sink tissues in general [49]. Several
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diffusive uptake, namely: (i) non-specific permeation by free-
diffusion, (ii) involvement of a carrier with very low affinity, (iii)
passage of the solute through a hydrophilic protein channel, and
(iv) endocytosis-mediated incorporation. Fluid phase endocytosis
was recently suggested to be a parallel uptake system for sugars in a
wide variety of heterotrophic cells [9–11]. In most experiments,
this conclusion was based on the inhibition of sugar uptake by
wortmannin, together with confocal imaging of fluorescent probes.
In olive cells, however, both wortmannin and NH4Cl failed to
inhibit D-glucose uptake within 3 min (Fig. 1B) and wortmannin
did not prevent uptake of 3-O-methyl-D-[U-14C]glucose (Fig. 2),
suggesting that endocytosis is not the preferential mechanism
accounting for the observed transport activity. Unlike Etxeberria
et al. [9], who starved the cells in a sugar-free medium during 24 h
before studying endocytosis, we conducted our experiments
immediately after harvesting the cells. However, even if endo-
cytosis does not appear to contribute substantially to overall glu-
cose uptake, imaging of the fluorescent cell membrane marker
FM1–43 confirmed the occurrence of significant vesicle trafficking
in glucose-sufficient cells of O. europaea only several hours after
plasmamembrane labeling, and not within the time periods used to
determine initial D-[U-14C]glucose uptake rates and 3-O-methyl-D-
[U-14C]glucose incorporation.
Most plant sugar transporters characterized so far are energy-
dependent proton symporters. Carrier-mediated facilitated diffusion
of sugars, although broadly distributed in microorganisms and
mammals, appears to be rare in plants. However, it is still possible
that some putative sugar transporter already identified in the
genome of Arabidopsis may be uniporters like their mammalian
homologs [8]. Notwithstanding, the results presented here cannot
be explained by a uniport mechanism because: (i) glucose transport
linearly depended on sugar concentration up to 100 mM, above
which it would be very unlikely to find a mediated carrier with
physiological significance, (ii) uptake rates of both D-glucose and L-
glucose were equal, although the glucose analog is not recognized
by sugar permeases, (iii) glucose countertransport, indicative of
the activity of a membrane transporter, was absent in glucose-
sufficient cells, but present in sugar-starved cells displaying
activity for a monosaccharide transport system. In countertran-
sport, two substrates share a common transporter and show
coupled flows resulting in a competitive acceleration of the
driving and countertransport of the driven substrate.
We previously speculated that the linear component of
glucose uptake was due to free diffusion, even though passive
diffusion of glucose across the plasma membrane appears para-
doxical, given the impermeable nature of the lipid bilayer to
hydrophilic solutes [4]. Theoretically, a solute must be neutrally
charged and lipid-soluble in order to diffuse passively across the
membrane. A similar controversy existed for several years
concerning water movement across the biological membrane
prior to the discovery of aquaporins, although at that time re-
searchers were aware that water movement could be regulated.
The ongoing debate regarding the explanation of diffusive
uptake of several hydrophilic organic solutes led us to investigate
the diffusional uptake of glucose in O. europaea. In particular,
activation energies estimated from the initial glucose uptake atdifferent temperatures by intact cells, membrane vesicles and
liposomes gave significant insights into this controversy. The low
activation energy values calculated from the first order rate
constants both in intact cells and plasmamembrane vesicles, 4 and
7 kcal mol−1, respectively, are similar to the values described for
free diffusion of glucose in water [50] and for the movement of
water through aquaporins [20]. They are significantly lower than
the value obtained for free diffusion of glucose across phos-
pholipids vesicles, 12 kcal mol−1, which is similar to those
reported in the literature [51]. These results excluded free diffu-
sion of glucose as the sole mechanism accounting for the linear
sugar uptake by sugar sufficient cells. This conclusion was
strengthened by the observation that mercury inhibits both the
uptake of D-[U-14C]glucose and 3-O-methyl-D-[U-14C]glucose
and the incorporation of the fluorescent glucose analog 2-NBDG.
In animal cells, aquaporins are able to transport polyols and
urea in a mercury sensitive manner [20,52–54]. Although
channels with broad selectivity to neutral solutes (like AQP9)
exclude important molecules such as amino acids and cyclic
sugars, the possibility that glucose and other monosaccharides
could permeate aquaporin-like channels is a challenging idea.
The radius of glucose (0.374 nm) is only slightly higher than
that of polyols like mannitol or sorbitol (0.371 nm) and, as
reported in Introduction, SIPs have a wider pore than other plant
MIPs and consequently different substrate specificity [25,26].
Post-translational regulation of protein activity involving
phosphorylation/dephosphorylation has been suggested or de-
scribed both for permeases [47,55–57] and channels [58–62]. Up
to now, only a few aquaporins have been shown to be regulated by
phosphorylation, but Johansson et al. demonstrated that phos-
phorylation of Ser-115 and Ser-274 activates the spinach leaf
aquaporin PM28Awhen expressed in oocytes [59]. Protein phos-
phorylation can also play a direct role in regulating carrier gene
transcription, message levels and protein abundance [63,64]. In
this study, the stimulation of diffusive glucose uptake by stau-
rosporine in glucose-sufficient cells of O. europaea suggests the
involvement of phosphorylation-mediated regulation that may
ultimately affect plasma membrane protein levels and/or activity.
In contrast, staurosporine promoted a decrease of the Vmax of the
monosaccharide/H+ symport system in sugar-starved cells,
indicating that phosphorylation/dephosphorylation affects differ-
entially the non-saturable (channel mediated) and saturable
(carrier mediated) glucose transport (Fig. 1E). In addition to
regulation by phosphorylation/dephosphorylation, water channel
activity in plants can be blocked by protons [30,65]. In this study,
propionic acid caused a sharp decrease in diffusive glucose
uptake, suggesting that this protein can also be regulated by
cytosolic pH changes, much like the gating of aquaporins in Ar-
abidopsis roots reported by Tournaire-Roux and co-workers
during anoxia stress.
Our results suggest that in olive cells cultivated in the
presence of high glucose concentration, the sugar uptake
occurs by facilitated diffusion through a mercury-sensitive
hydrophilic channel, although the observation of FM1–43
labeled vesicles in longer incubation times may suggest
endocytic uptake as a parallel mechanism of sugar incorpo-
ration, as has been demonstrated in suspension-cultured cells
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ences). High concentrations of sugar are a common phenom-
enon occurring during the ripening of most fruits, including
olives [39–41] and in sink tissues in general [66] but whether
the same conclusion may apply to the cells of olive sink
tissues in vivo needs further investigation. In addition,
although the monosaccharide transporter OeMST2 was
shown to be expressed in olive fruit during ripening,
suggesting that apoplastic unloading may participate in
providing sugars to the fruit, it is most likely not responsible
for the diffusive uptake because the transcripts of OeMST2
were not detected in sugar sufficient cells [48]. When sugar drops
to residual levels, the OeMST2 transcript levels increase abruptly
and biphasic kinetics, with a saturable uptake superimposed on a
linear uptake, becomes apparent. Some transport proteins have
dual functions involving spatially distinct domains for each
function. Thus, the TRP family of ion channels uses a N-terminal
domain for its channel activity and a C-terminal domain for
enzyme activity [67,68]. Likewise, the Arabidopsis potassium
channel gene AKT1 is responsible for high affinity potassium
uptake [69] and the potassium transporter AtKUP1 functions as a
dual-affinity transporter [70]. Therefore it is possible, at least
theoretically, that in O. europaea a typical sugar permease may
also mediate the linear diffusional component of uptake observed
in concentration dependence studies. The transport of water and
sugar through such hydrophilic channel would enable rapid
cellular uptake or exit of sugar with minimal osmotic per-
turbation, a particularly important mechanism during fruit
ripeningwhen high amounts of sugars andwater are accumulated.
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